The lipid and fatty acid compositions in nine obligate and facultative barophilic bacteria isolated from the intestinal contents of seven deep-sea fish were determined. Phospholipid compositions were simple, with phosphatidylethanolamine and phosphatidylglycerol predominating in all strains. Docosahexaenoic acid (DHA; 22:6n-3), which has not been reported in procaryotes except for deep-sea bacteria, was found to be present in eight strains at a level of 8.1 to 21.5% of total fatty acids. In the other strain, eicosapentaenoic acid (EPA; 20:5n-3) was present at a level of 31.5% of total fatty acids. Other fatty acids observed in all strains were typical of marine gram-negative bacteria. Subcultures from pouches prepared from intestinal contents of five deep-sea fish by the most-probable-number (MPN) method were analyzed for fatty acids, and all subcultures contained DHA and/or EPA. Accordingly, viable cell counts of bacteria containing DHA and EPA were estimated at a maximum of 1.3 ؋ 10 8 and 2.4 ؋ 10 8 cells per ml, respectively, and accounted for 14 and 30%, respectively, of the total cell counts in the intestinal contents of the deep-sea fish. In the case of 10 shallow-sea poikilothermic animals having bacterial populations of 1.1 ؋ 10 6 to 1.9 ؋ 10 9 CFU per ml in intestinal contents, no DHA was found in the 112 isolates examined, while production of EPA was found in 40 isolates from cold-and temperate-sea samples. These results suggest that DHA and EPA are involved in some adaptations of bacteria to low temperature and high pressure.
Barophiles are defined as organisms which grow optimally at pressures greater than 1 atm. Barophilic bacteria have been isolated from various deep-sea environments such as seawater (12, 36) , decaying amphipods (35) , and intestinal tracts of animals (5) . Since these bacteria can grow rapidly at extreme environments with low temperatures and high pressures, they have physiological and biochemical mechanisms well adapted to such extreme environments. Lipids are the main components of cell membranes, in which many important biological functions occur. The dynamic states of lipids, such as the fluidity and the order, are known to be closely related to the functions of biological membranes (11) . It is also well known that a number of bacteria, plants, and poikilotherms regulate the lipid compositions of membranes by changing the temperature so as to maintain fluidity of membrane lipids necessary for proper biological functions. This phenomenon is termed homeoviscous adaptation (11, 28) . For example, a decrease in incubation temperature generally results in an increase of unsaturation and a decrease of average chain length in fatty acids of bacterial lipids (15, 26) . Furthermore, apparent homeoviscous adaptation has been observed in response to pressure (3, 4, 32) . Both low temperature and high pressure in deep-sea environments theoretically decrease the fluidity of lipids and possibly depress the functions of biological membranes (11, 14) . Thus, barophiles can be predicted to have some adaptive synthetic mechanism to produce fatty acids of suitable structures to lessen the effect of these environmental factors.
DeLong and Yayanos (4) found that deep-sea isolates and barophiles contained docosahexaenoic acid (DHA; 22:6n-3) and eicosapentaenoic acid (EPA; 20:5n-3) in their lipids ( Fig.  1 ) and showed that the relative amount of the polyunsaturated fatty acids (PUFAs) was higher at both medium-and highpressure incubations than at low-pressure incubations. From these findings, they suggested the involvement of PUFAs in the maintenance of optimal membrane fluidity and function over environmentally relevant temperatures and pressures. PUFAs have been generally considered to be rare in the lipids of procaryotes (7, 9) , while they are general and abundant in the lipids of eucaryotes, in particular marine organisms such as algae (29) and fish (17) . PUFAs were also found in a barophilic strain of Alteromonas sp. (32) and in deep-sea psychrophiles from sediments (10) . In addition, a great number of bacterial strains isolated from terrestrial and shallow-sea environments are reported to produce fatty acids which have chain lengths less than 20 (20, 22, 30) . Thus, it is possible that bacteria containing PUFAs are unevenly distributed in deep-sea environments, in comparison with terrestrial and shallow-sea environments, and this possibility supports the involvement of PUFAs in adaptation of deep-sea barophilic bacteria. However, bacteria containing EPA have been recently isolated from some samples such as the intestines of shallow-sea fish (24, 37) , those of freshwater fish (23) , and freshwater in the Antarctic (19) . Further, we are aware of no reports of studies searching for bacteria containing DHA in shallow-sea environments. Accordingly, it is not known whether bacteria containing PUFAs are generally rare in these environments.
In a previous study (33) , we found DHA in strains isolated at atmospheric pressure from the intestinal contents of deep-sea fish. However, it was not confirmed that these strains were indigenous, as the bacterial population growing at atmospheric pressure from the intestinal contents was a small proportion of the whole microflora (34) . Recently, we have become able to isolate what appear to be indigenous obligate barophiles from the intestinal samples of deep-sea fish by the dorayaki method (18) . Thus, in the present study, we first examined the presence of PUFAs in obligate and facultative barophiles isolated from the intestines of deep-sea fish. At the same time, since the physical properties of phospholipids are known to be affected by the polar head group as well as constituent fatty acids (16), we examined phospholipid compositions of the strains. Second, to determine the involvement of PUFAs in adaptations to deep-sea environments, we examined the distribution of bacteria containing PUFAs and compared the abundance of these bacteria in the intestines of deep-sea fish and those of shallowsea poikilothermic animals.
MATERIALS AND METHODS
Strains and culture conditions. Characteristics of strains used in this study are shown in Table 1 . All strains were isolated at in situ pressures by the dorayaki method (18) from the intestinal contents (strains 36B1 and 36C1) or from the enrichment cultures of intestinal contents (all other strains) of deep-sea fish which were retrieved from depths of 3,100 to 6,100 m. All strains were obligate or facultative barophiles. These strains were all gram negative but not identified taxonomically.
Strains were maintained in marine broth (Difco, Detroit, Mich.) at 5°C and in situ pressures. As the in situ pressures, we used 31.0 MPa for strains 16C1 and 47A1, 44.8 MPa for strains 36B1 and 36C1, 55.2 MPa for strains 33E1, 56D1, and 56E1, and 62.1 MPa for strains 38D1 and 2D2. All strains were cultivated in marine broth at 5°C and in situ pressure for 1 week. Then a culture of each strain was inoculated into a retortable pouch containing 300 ml of defatted marine broth consisting of, per liter, 5 g of Bacto Peptone (Difco), 1 g of Bacto Yeast Extract (Difco), 0.1 g of ammonium ferric citrate, 20 mM MOPS (morpholinepropanesulfonic acid; pH 7.0), and 30 g of artificial seawater salts (Senju, Osaka, Japan). Before preparation of the medium, peptone and yeast extract were extracted with chloroform-methanol (2:1, vol/vol) to remove the lipids. The inoculated pouches were placed in pressure vessels and incubated at in situ pressures and 5°C for 1 week. Cells were harvested by centrifugation at 9,000 ϫ g for 15 min under 4°C and immediately used for the lipid analyses. To confirm that the fatty acids in the cells did not derive from the medium, strain 2D2 was also cultivated in a fat-free minimal medium which was half-strength artificial seawater supplemented with 0.2% glucose, 20 mM MOPS (pH 7.0), and 1 mg of each of 20 amino acids per liter (4) in a manner similar to that described above. The cells were harvested as described above and used for the lipid analyses. All media and diluents were chilled in an ice bath before being used.
Lipid analyses. Lipids were extracted from the bacterial cells with chloroformmethanol (2:1, vol/vol) by the method of Folch et al. (8) . Resulting total lipids were maintained at Ϫ40°C under an atmosphere of argon gas between analytical operations.
Analysis of the lipid classes was performed by thin-layer chromatography using several solvent systems: n-hexane-diethyl ether-acetic acid (90:10:1, vol/vol/vol), chloroform-methanol-water (65:25:4, vol/vol/vol), and chloroform-methanol-acetic acid-water (170:25:25:4, vol/vol/vol/vol). Separated lipid classes were identified by reference to authentic standards and by staining of chromatograms with Dittmer (6), periodate-Schiff (27) , and ninhydrin reagents. Developed chromatograms were sprayed with 50% (vol/vol) sulfuric acid and heated at 150°C. The stained classes were quantified by scanning densitometry using a CS9300-PC dual-wavelength scanner (Shimadzu, Kyoto, Japan). For analysis of fatty acid composition, total lipids were subjected to methanolysis with 2.5% HCl in methanol at 85°C for 2.5 h. The analyses of fatty acid methyl esters were performed by using a G-5000 gas chromatograph (Hitachi, Tokyo, Japan) equipped with an Omega wax 320 capillary column (25 m by 0.32 mm [inside diameter]; Supelco, Bellefonte, Pa.). Helium was used as the carrier gas. The oven temperature was programmed to increase from 180 to 210°C during time course of an analysis. The fatty acid methyl esters were further analyzed by using an SP-2330 capillary column (30 m by 0.25 mm [inside diameter]; Supelco) with the oven temperature at 150°C. The fatty acid methyl esters were identified by comparison with authentic standards and quantitated by using a recording integrator attached to the gas chromatograph. Identities of fatty acids were confirmed by gas chromatography-mass spectrometry in strains 16C1, 33E1, and 2D2 as described previously (33) .
Fish and invertebrates used for enumeration of bacteria containing PUFAs. Five deep-sea fish, as detailed previously (34) , were sampled in the northwestern Pacific Ocean in 1991 and 1992 by the R/V Soyo Maru's crab-pot fishing. The characteristics of three fish, samples 36, 47, and 56, are described in Table 1 . Samples 46 and 53 were also deep-sea fish, Coryphaenoides yaquinae, which were retrieved from depths of 4,300 and 5,300 m, respectively (34) . These fish were exposed to surface water with temperatures of 13.3 to 30.5°C for no longer than 10 min during the retrieval and then exposed to temperatures of 14.7 to 30.5°C for no longer than 1 h until put in a refrigerator. The sampling of intestinal contents was performed as described previously (18, 34) . The samples were pressurized in pressure vessels at in situ pressures and kept in a refrigerator for 2 to 3 h until bacteriological analyses were performed.
Shallow-sea fish and invertebrates were collected at five stations with ambient temperatures of 1.2 to 28.4°C (Table 2 ). Alaska pollack (Theragra chalcogramma) were captured by gill net from a depth of approximately 200 m off the coast of Hokkaido, Japan, where the surface water temperature was 1.2°C. Cold-sea species of sea urchins (Strongylocentrotus intermedius) were collected and kept in running seawater (2.0°C) with an excess of the alga Laminaria longissima. Pelagic fish, Cololabis saira and Katsuwonus pelamis, and a squid, Ommastrephes bartrami, were captured from the sea surface in the northwest Pacific Ocean. The water temperature at the sampling station for C. saira and O. bartrami was 16.0°C, and that at the sampling station for K. pelamis was 28.6°C. Benthic fish, Conger myriaster, were captured in an estuary with a surface water temperature of 18.5°C. All fish and invertebrates were caught alive and immediately dissected aseptically with sterile dissecting tools. The intestinal contents of fish and digestive tract contents of squid were collected with sterilized pipettes. The intestinal contents of sea urchins were collected with sterile spatulas. These intestinal samples were well mixed and immediately used for bacteriological analyses.
Enumeration of bacteria containing PUFAs in intestinal samples. Bacteria containing PUFAs in the intestinal samples of deep-sea fish were enumerated on the basis of the most-probable-number (MPN) method. In the previous study (34) , we determined the viable cell counts of bacteria in the intestinal contents of five deep-sea fish by the MPN method. In the present study, we used the positive pouches of the MPN method to enumerate bacteria containing PUFAs. An outline of the MPN method used in the previous study is as follows. Immediately after retrieval of the seven deep-sea fish, the intestinal contents were collected and decimally diluted. Aliquots (0.1 ml) of the diluted contents were inoculated into pouches containing 1.0 ml of the chilled marine broth. Ten pouches were inoculated per dilution step. Five pouches at each dilution step were incubated at in situ pressure, and the other five were incubated at atmospheric pressure.
After incubation for 1 month, MPNs were estimated from the number of positive pouches. As a result, bacterial growth was observed at both in situ and atmospheric pressure incubations in five samples. Since MPN estimates at in situ pressures were much greater than those at atmospheric pressure in all samples, most bacteria that were culturable at in situ pressures were inferred to be barophiles, possibly obligate barophiles (34) . In the present study, the cultures of positive pouches at in situ pressure incubation were inoculated to defatted marine broth, and the broth was incubated at in situ pressures and 5°C for 1 to 3 weeks. Bacterial cells from these subcultures were harvested and analyzed for fatty acid composition as described above. From the number of subcultures containing DHA or EPA, the viable cell counts of bacteria containing PUFAs in intestinal contents of deep-sea fish as MPN estimates were determined from a published five-tube MPN table for decimal dilutions (1). Although duplicate assays of MPN were carried out in the previous study (34) , one set of assays was used in the present study; the viable cell counts of bacteria from the MPN estimates are shown in Table 5 . Bacteria containing PUFAs in the intestinal samples of shallow-sea fish and invertebrates were enumerated by the spread-plating method. The intestinal contents were diluted with sterile seawater and spread onto marine agar plates (Difco). Incubation was carried out at 20°C for 2 weeks. In the case of the intestinal samples from Alaska pollack and sea urchins, diluents and agar plates were chilled before being used, and the agar plates were incubated at 5°C for 3 to 4 weeks. After the incubation, the colonies were randomly picked from agar plates with approximately 50 to 100 colonies and were purified by streaking on marine agar plates. The isolates were cultivated in defatted marine broth with shaking for 1 week at the same temperatures as those used in the isolation and atmospheric pressure. Cells were harvested and analyzed for fatty acid composition as described above.
Further, to examine the relationship between the relative amount of EPA in the strains containing EPA and ambient conditions in their habitats, strain 33E1 from deep-sea fish and 15 strains containing EPA from shallow-sea fish samples SM1 and SM2 were further cultivated in defatted marine broth with shaking for 1 week at 5°C and atmospheric pressure. Cells were harvested and analyzed for fatty acid composition as described above.
RESULTS
Phospholipid and fatty acid compositions of barophilic strains. Phospholipid compositions of barophilic strains isolated from the intestinal contents of deep-sea fish are shown in Table 3 . In all strains, phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) were the main components. PE accounted for more than 70% of total phospholipids in all strains. Lyso-PE and phosphatidylserine were also detected but were less than 0.1% of total lipids.
Fatty acid compositions of barophilic strains are shown in Table 4 . In all strains except 33E1, DHA was detected at a level of 8.1 to 21.5% of the total fatty acids. The other major fatty acids were myristic acid (14:0), myristoleic acid (14:1), palmitic acid (16:0), and hexadecenoic acid (16:1), which together accounted for 70% or more of the total fatty acids. EPA was scarcely detected in these eight strains. The fatty acids observed were the same among these eight strains, while their proportions differed slightly. In strain 33E1, EPA was detected at a level of 31.5% of the total fatty acids, although DHA was not detected at all. Also in this strain, 14:0, 16:0, and 16:1 were the major components, but branched fatty acids (iso-13:0 and iso-15:0) were detected. Peptone and yeast extract used for the preparation of the medium contained neither DHA nor EPA (data not shown). Bacterial cells of strain 2D2 which were grown in the fat-free minimal medium had a fatty acid composition nearly identical to that of strain 2D2, data for which are shown in Table 4 (data not shown).
Enumeration of bacteria containing PUFAs in the intestinal contents of deep-sea fish. Table 5 shows the results of the MPN method with fatty acid analyses for the enumeration of bacteria containing PUFAs from the intestinal contents of deep-sea fish. In the case of sample 36, all subcultures from positive pouches at dilutions of 10 Ϫ6 and 10 Ϫ7 in the MPN method were found to contain DHA at a level of 5.4 to 13.1% of total fatty acids. Further, these fatty acid compositions (data not shown) were similar to those of the barophilic strains containing DHA shown in Table 4 . Thus, five pouches at 10
Ϫ6
, four pouches at 10
Ϫ7
, and no pouch at 10 Ϫ8 dilution in the MPN method were considered to be positive in the presence of bacteria containing DHA (the score is expressed as 5-4-0; this notation is also used below), and the viable cell count of bacteria containing DHA was estimated to be 1.3 ϫ 10 8 cells per ml of intestinal contents according to the five-tube MPN table for decimal dilutions (1). This count was equal to that of the culturable bacteria in sample 36. In the case of sample 46, all but two subcultures were found to contain DHA at a level of 3.3 to 10.0% of total fatty acids. From the number of subcultures containing DHA (4-1-0), the viable cell count of bacteria containing DHA was estimated to be 1.6 ϫ 10 6 cells per ml of intestinal contents and was nearly one-third of that of culturable bacteria in sample 46. Two subcultures of sample 46 in which DHA was not detected were found to contain EPA at levels of 15.4 and 19.7% of total fatty acids. Further, the fatty acid compositions (data not shown) were similar to that of a a Fatty acids are denoted as number of carbon atoms:number of double bonds followed by the position of the first double bond from the methyl end of the molecule. b -, below the limit of detection; tr, trace (Ͻ0.1%).
barophilic strain, 33E1, containing EPA (Table 4) . Thus, bacteria containing EPA were also found to be present in this sample, although the count could not be estimated. In the case of sample 47, all subcultures were found to contain DHA at a level of 2.6 to 15.3% of total fatty acids. Thus, from the number of subcultures containing DHA (5-3-0), the viable cell count of bacteria containing DHA was estimated to be 7.9 ϫ 10 5 cells per ml of intestinal contents and was equal to that of the culturable bacteria in sample 47. In the case of sample 53, although all subcultures but one did not contain DHA, all contained EPA at a level of 19.8 to 25.8% of total fatty acids. From the number of subcultures containing EPA (5-5-0), the viable cell count of bacteria containing EPA was estimated to be 2.4 ϫ 10 8 cells per ml of intestinal contents and was equal to that of the culturable bacteria in sample 53. Further, the viable cell count of bacteria containing DHA was estimated to be less than 3.3 ϫ 10 6 cells per ml. In the case of sample 56, all subcultures were found to contain DHA at a level of 8.4 to 16.3% of total fatty acids. From the number of subcultures containing DHA (4-2-0), the viable cell count of bacteria containing DHA was estimated to be 2.2 ϫ 10 7 cells per ml of intestinal contents, which was nearly half of the culturable bacteria in sample 56.
Distribution of bacteria containing PUFAs in shallow-sea poikilothermic animals. Table 6 shows the distribution of bacteria containing PUFAs in the intestinal contents of 10 shallow-sea poikilothermic animals. These animals were collected from environments with temperatures of 1.2 to 28.6°C and had bacterial populations of 1.1 ϫ 10 6 to 1.9 ϫ 10 9 CFU per ml in the intestinal contents. In all 112 strains examined, neither DHA nor longer-chain fatty acids were found. On the other hand, EPA was found in 40 of the 56 strains isolated from intestinal contents of an Alaska pollack, two sea urchins, and two pelagic fish. Thus, the viable cell counts of bacteria containing EPA were estimated to be from 1.4 ϫ 10 6 to 2.3 ϫ 10 8 CFU per ml of the intestinal contents of these shallow-sea animals. Figure 2 shows the relative amounts of EPA in strains containing EPA and the ambient conditions in their original habitats. In strain 33E1 from deep-sea fish, EPA constituted 29.8% of total fatty acids. In the case of samples from cold shallow seas, the mean percentages were 28.4% in the fish sample (SK1) and 16.0 and 15.8% in the sea urchin samples (EUA and EUC, respectively). In the case of fish samples from warmer shallow seas (SM1 and SM2), the means were 4.4 and 8.5%, respectively.
DISCUSSION
Results of fatty acid analyses showed that all nine obligately and facultatively barophilic bacteria contained DHA and/or EPA in the lipids (Table 4) . Other predominant fatty acids were tetradecanoic acid (14:0), hexadecanoic acid (16:0), and hexadecenoic acid (16:1) in all strains. Thus, except for the large amount of PUFAs (DHA and EPA), the fatty acid compositions were typical of gram-negative bacteria from shallowsea environments (22, 30) , as suggested for deep-sea isolates containing PUFAs (4, 32) . Furthermore, phospholipid compositions of the strains were simple, with PE and PG predominant, which is also commonly seen in a great number of bacterial species (21, 30) . The physical properties of phospholipids are generally affected by the polar head group and the constit- uent fatty acids (16) , and so the presence of PUFAs at a substantial level seems to result in appropriate physical properties for phospholipids in these barophilic strains.
The results of fatty acid analyses also showed that bacteria containing PUFAs were indigenous to the intestines of deepsea fish. Bacteria containing PUFAs were reported to be present in other deep-sea environments such as seawater, sediments, and amphipods (4, 10, 32) . The intestines of deep-sea fish were possibly different from those environments in pH, nutrients, and dissolved oxygen levels. Thus, the results of the present study confirm that bacteria containing PUFAs are generally distributed in deep-sea environments. Moreover, the MPN method with fatty acid analyses revealed that large populations of bacteria containing PUFAs were present in all five intestinal samples of deep-sea fish (Table 5 ). In the cases of samples 36 and 53, since the total cell counts were 9.3 ϫ 10 8 and 8.0 ϫ 10 8 cells per ml, respectively (34), bacteria containing DHA were estimated to account for 14% of the total cell count in sample 36, and bacteria containing EPA accounted for 30% of that in sample 53. Thus, it is considered that bacteria containing DHA and bacteria containing EPA actively grow in the intestines of deep-sea fish and account for a large part of the whole microflora. On the other hand, in the intestines of shallow-sea poikilothermic animals, bacteria containing DHA were rare or a minor part of the microflora, while bacteria containing EPA were general and abundant (Table 6 ). These distribution patterns of bacteria containing PUFAs were the results of the experiment with 5 deep-sea fish and 10 shallowsea animals. Considering these experimental conditions, the distribution patterns may be due to specific interactions between the bacteria and deep-sea fish, such as symbiosis. Also, it is unknown whether there is any difference in environmental factors except for temperature and pressure between the intestines of deep-sea fish and shallow-sea animals. However, bacterial populations in the intestines of deep-sea fish were all psychrophilic barophiles which adapted to low temperature and high pressure as shown previously (34) . Additionally, all strains containing EPA from the shallow seas in the present study had possibly adapted to low temperature, because they were isolated from the intestines of animals in environments with temperatures of 1.2 to 16°C. Thus, bacterial strains and populations which were found to contain PUFAs in the present study were possibly organisms adapted to low temperature and/or high pressure. So far, bacteria containing DHA have been isolated from only deep-sea environments (4, 10, 32) , and bacteria containing EPA have been isolated mostly from samples in environments with low temperatures and from deep-sea samples (4, 10, 13, 24, 32) . Although bacteria containing EPA were reported to be isolated from samples including the intestines of warm-sea fish, they accounted for less than 3% of the examined strains in any sample (37) . In addition, as shown in Fig. 2 , the relative amount of EPA was higher in strains from deep-sea areas and shallow seas with lower temperatures than those from warmer seawater, although fatty acid compositions of bacteria vary with culturing conditions (25) . It is well known that temperature and pressure significantly affect the physical properties of phospholipids (10, 14, 15) . Further, the level of unsaturation in membrane lipids is reported to increase in many cold-adapted organisms (2, 11, 31) . Therefore, the distribution patterns of bacteria containing PUFAs seem to result from the involvement of PUFAs in the adaptations of the bacteria to low temperature and high pressure.
In bacteria containing PUFAs, the trend that the relative amounts of PUFAs increase with decreasing of incubation temperature and increasing of incubation pressure has been noted, and it has been suggested that PUFAs may be involved in the maintenance of optimal membrane fluidity (4, 10, 32). The present ecological study further confirms such suggestions.
